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In Brief
Takagi et al. found that body-locationspecific touch responses are mediated by segmentally repeated interneurons that differ in their sensorimotor connectivity, eliciting distinct segment-specific escape behaviors.
INTRODUCTION
Appropriate response to tactile sensory stimuli is crucial for animal survival. Upon sensing a tactile stimulus, animals respond by choosing the most ethologically adequate behavior depending on the body location of the stimulus (Di Giminiani et al., 2013; Kristan et al., 2005) . For instance, crayfish perform upward jumps in response to a posterior touch and backward jumps in response to an anterior touch (Edwards et al., 1999) . Similarly, leeches shorten in response to an anterior touch, bend to a midbody touch, and crawl/swim to a posterior touch (Kristan et al., 2005; Palmer et al., 2014) . Somatosensory inputs, such as mechanical and/or noxious cues, are sensed by receptors in the periphery and the information is passed along to the CNS. The spinal cord in vertebrates and nerve cord in invertebrates consist of homologous repeating units, neuromeres, each of which communicate with a corresponding skin area via the peripheral nerves. A somatosensory input from a specific location in the periphery is transmitted to the correspondent neuromere and the information is then processed to generate motor programs appropriate for the origin of the stimulus (Abraira and Ginty, 2013; Duan et al., 2014; Hwang et al., 2007; Ohyama et al., 2013 Ohyama et al., , 2015 Tsubouchi et al., 2012; Yan et al., 2013; Zhang et al., 2013) . Hence, each of the homologous neuromeres must possess unique neural architectures that match its receptive field (the segmental origin of the stimulus) to distinct motor programs.
A common form of location-dependent behavioral responses is seen when an animal chooses the direction of movement upon encountering somatosensory stimuli. In many animal species, including nematodes (Chalfie et al., 1985) , insects (Green et al., 1983; Orlovskii et al., 1999) , and lampreys (Islam and Zelenin, 2008; Mcclellan, 1989) , a stimulus in the head induces backward escape responses, whereas that in the tail induces forward movements. For instance, in C. elegans command interneuron AVA or AVB induces backward or forward locomotion, respectively, in response to localized touch stimuli in the tail or head (Pirri et al., 2009; Piggott et al., 2011) . In adult Drosophila, a descending command-like neuron triggers backward walking, a behavior induced when the flies encounter impassable barriers or looming visual stimuli (Bidaye et al., 2014; Sen et al., 2017) . However, network mechanisms that process location-specific sensory inputs and subsequently trigger the appropriate sequence of motor outputs remain largely unknown.
Here, we combined electron microscopy (EM) circuit mapping, opto-and electrophysiology, and behavioral analysis, to identify the circuitry basis for differential responses to body touch in Drosophila larvae. Similarly to worms and lampreys, fly larvae respond to touch in different body parts with specific escape behaviors. Namely, both gentle (Kernan et al., 1994; Ma et al., 2016) and noxious (Titlow et al., 2014) head touch elicit backward locomotion, whereas tail touch elicits forward locomotion (Titlow et al., 2014) . We found a segmentally repeated neuron, that we named Wave, whose activation in anterior segments sufficed to elicit backward locomotion, and in posterior segments sufficed to elicit forward locomotion. While all Wave neurons are postsynaptic to both nociceptive (multidendritic [MD] class IV) and mechanoreceptive (MD class III) somatosensory neurons, anterior and posterior Wave neurons differed in their receptive fields, both behaviorally and in the spatial extent of their dendritic arbors. We also identified circuits downstream of Wave both driving motoneurons and laterally interacting with circuits for other escape responses such as rolling . Our findings indicate that homologous command-like interneurons can induce distinct escape behaviors by selectively integrating spatially localized stimuli and targeting distinct downstream circuits mediating different motor programs, thereby implementing location-dependent sensorimotor responses.
RESULTS

Different Larval Responses Are Induced by Noxious Touch Depending on the Body Location of the Stimulation
On soft substrates, the wandering larvae mainly perform forward locomotion (Berni et al., 2012) , whereas backward locomotion is infrequent except when encountering noxious and/or mechanical stimuli (Green et al., 1983; Kernan et al., 1994; Ma et al., 2016) . A noxious touch (such as a pinprick) or a gentle touch to a behaving larva yields distinct responses depending on the location of the stimulation on the body (Titlow et al., 2014) . The larvae transiently perform backward locomotion in response to touch on the larval head (which is defined here as the anterior end of the larva), whereas they escape by forward locomotion to touch on the tail ( Figure 1A ).
We first tried to identify the sensory neurons that mediate the body-location-dependent touch responses to a pinprick. Previous studies have shown that a class of multidendritic sensory neurons, MD class IV (MD IV), are responsible for mechanical (Hwang et al., 2007; Kim et al., 2012; Tracey et al., 2003) , thermal (Ohyama et al., 2013; Tracey et al., 2003) , and light (Xiang et al., 2010) nociception, suggesting that MD IV neurons function as a polymodal nociceptor (Terada et al., 2016; Zhong et al., 2010 ). We therefore first tested whether the activity of MD IV is necessary for the larval response to localized mechanical nociception. The probability of performing backward locomotion in response to head prick was significantly reduced upon inhibition of synaptic transmission from MD IV neurons ( Figures 1B and 1B 0 ), indicating that these neurons are partly required for the touch response. We also tested the requirement of another class of multidendritic sensory neurons, MD class III (MD III), which are known to mediate gentle-touch responses including backward locomotion (Kernan et al., 1994; Tsubouchi et al., 2012; Yan et al., 2013) . Inhibition of MD III also resulted in significant reduction in the induction of backward locomotion upon a pinprick ( Figure 1B 0 ). These results suggest that both MD IV and MD III are involved in the touch response.
We further studied the roles of the sensory neurons in an isolated CNS. We electrically stimulated the nerve root, which contains axons of all somatosensory neurons in a specific body wall hemisegment (to mimic head or tail touch), while performing calcium imaging of the motoneurons (to detect fictive locomotion, Figure 1C ). We found that electrical stimulation of the nerve root in an anterior segment (A1) induced fictive backward locomotion ( Figure S1 and Movie S1), in which the segmental motoneurons were sequentially activated from anterior to posterior segments . In contrast, electrical stimulation of the nerve root in a posterior segment (A7) induced fictive forward locomotion ( Figure S1 ), indicating that location-dependent somatosensory responses are preserved in this physiological assay. The occurrence of backward motor pattern was greatly reduced when synaptic transmission from MD IV or MD III was inhibited ( Figure 1C 0 ). Thus, MD IV and MD III neurons are partly required for backward response to localized sensory inputs both in vivo and ex vivo.
Identification of Wave as a Candidate Command Neuron for Backward Locomotion
We searched for neurons whose activation induces backward locomotion in the larvae, by expressing the red-shifted channelrhodopsin CsChrimson in different subsets of GAL4-targeted cells and identified VT25803-GAL4-targeted cells (hereafter called VT25803 cells) as a candidate (Figures 2A and S2A ). Interestingly, in four out of the nine cases examined, where photostimulation was applied during forward locomotion, backward locomotion was immediately induced before the completion of the forward peristalsis, and initiated in a middle segment near the segment contracted at the time of photostimulation (Figure 2A 0 ; see also Movie S2). Such reversal in the middle of peristalsis is rarely seen in normal larvae; backward locomotion normally starts in the anterior-most segment and only after completion of the preceding forward peristalsis. VT25803-GAL4 drove expression in small subsets of cells in the brain and the ventral nerve cord (VNC) ( Figure 2B ). We used the GAL80-mediated intersectional method (Lue et al., 1987) to narrow down the candidate neuron(s) eliciting the backward locomotion among GAL4-targeted cells. We found both tsh-GAL80, which represses GAL4-mediated expression in the VNC ( Figure S2A ), and Cha3.3kbp-GAL80, which represses GAL4 activity in subsets of cholinergic neurons ( Figure S2B ), significantly reduced the frequency of backward locomotion triggered by the optogenetic activation ( Figure 2A ). This led us to identify a single class of segmentally repeated pairs of abdominal neurons as the candidate, since they were the only cells that were Cha3.3kbp positive and present in the VNC.
Morphology of the candidate neurons was studied in singlecell images generated by the MultiColor FLP-Out (MCFO) method (Nern et al., 2015 ; Figure 2C ). The unique morphological characteristics of the neurons, including the bifurcated, ipsilateral, and anteriorly projecting neurite projection, enabled us to identify the cells as the A02o neuron annotated by EM reconstruction as a postsynaptic target of MD IV . We renamed the neuron as Wave for its characteristic wavy axon. Wave neurons extend their dendrites to the ventro-medial neuropile where the axons of MD IV and MD III terminate (Grueber et al., 2007) . Wave neurons extend their axons to the dorsal neuropile where motoneuronal dendrites are present. The axons of Wave neurons in each neuromere are bundled to form a unique dorso-ventrally winding fascicle that extends the entire anteroposterior axis in the VNC ( Figure S2F ), which is the origin of the name of the neurons. These characteristics suggest that Wave neurons receive synaptic inputs from sensory neurons including MD IV and MD III and send information to the motor circuits. Immunostaining for neurotransmitter markers showed that Wave neurons were immunoreactive both to anti-choline acetyltransferase (ChAT) and anti-vGluT ( Figures S2C-S2D 0 ) but not to anti-GABA ( Figure S2E ), suggesting that the neurons are cholinergic and glutamatergic. Figure S1 .
Confined Optogenetic Activation of a Single Wave Neuron Elicits Fictive Backward Locomotion
To further confirm that Wave neurons elicit backward locomotion and also to study the effect of locally activating a subset of Wave neurons, we conducted the following two lines of experiments to specifically manipulate the activity of Wave neurons. First, we generated a split GAL4 line (MB120B-spGAL4) that drives expression only in Wave neurons ( Figure S2F ) and performed an area-confined optogenetics assay. In this assay, we applied light in an area-confined manner ($10 mm in diameter) to activate a subset of GAL4-targeted neurons (by using ChR2[T159C]) in one or a few segments, while monitoring motor activity by calcium imaging (by expressing R-GECO, a red fluorescent genetically encoded Ca 2+ indicator (Zhao et al., 2011) , under the regulation of tub-LexA) in an isolated CNS ( Figures 3A, 3B , and S3A; Movie S7; see also STAR Methods for detail). While tub-LexA drives expression of R-GECO pan-neuronally, directional activity propagation recorded in the dorsal neuropile perfectly coincided with fictive forward or backward locomotion detected in motoneurons ( Figures S3B-S3E ). Focal stimulation spotted within A1-A3 neuromeres induced consecutive backward waves, indicating that activation of Wave neurons in these neuromeres is sufficient to induce backward locomotion ( Figures 3C, 3D , and 3D 0 ). The induced backward waves initiated in the abdominal segment A1, unlike the spontaneously occurring backward waves, which initiate in the first thoracic neuromere (T1; Berni, 2015; Pulver et al., 2015) . This is reminiscent of the reversal of peristalsis in the middle of forward locomotion observed in the behaving larvae upon activation of VT25803 cells (see Figure 2A) .
Second, we used two-photon optogenetics to activate a single Wave neuron among the VT25803 cells. We expressed CsChrimson and GCaMP in VT25803 cells ( Figure 3E ) and first tested the efficiency and spatial resolution of the two-photon stimulation by imaging the activity of the Wave neuron itself. The two-photon stimulation efficiently activated the neuron with a spatial resolution of Dx, Dy <10 mm and Dz <18 mm, which is sufficient for single-cell stimulation among VT25803 cells (Figures S4A and S4B) . Figure 3G ; Movie S4) at a frequency significantly higher than control groups (p = 0.024, Fisher's exact test; Figures  3G and 3H ). These results indicate that single-cell activation of Wave neurons in anterior abdominal segments is sufficient to trigger fictive backward locomotion.
Segment-Specific Role and Morphology of Wave Neurons As described above, activation of cells targeted by the original VT25803-GAL4 in the larvae induced backward locomotion. In contrast, activation of Wave neurons using the highly specific MB120B-spGAL4, to our surprise, induced bouts of wiggling and bending, which are an initial posture for rolling, and some rolling events, but much fewer backward locomotion ( Figure 4A) . A possible explanation for the difference in the activation phenotypes was segmental difference in GAL4-expression. While MB120B-spGAL4 targeted Wave neurons in abdominal neuromeres from A2 to A6, VT25803-GAL4 drove strong expression in these neurons in more anterior neuromeres (from A1 to A4). Since Wave neurons are second-order sensory interneurons, they might convey location-dependent sensory information and induce distinct behaviors depending on their location in the VNC.
To test this possibility, we again took advantage of the areaconfined optogenetics assay and activated Wave neurons at different positions along the anterior-posterior axis. We observed that photostimulation in posterior neuromeres (A7 to A5) induced forward waves, whereas that in anterior neuromeres (A3-T1) induced backward waves ( Figures 4B, 4C , and S5A; note that neurites but not cell bodies of Wave are present in T3-T1, Movie S3). Thus, Wave neurons elicit completely different motor outputs depending on the location of the activation, as was observed for localized activation of somatosensory inputs (Figure 1C) . Surgical ablation of the brain did not abolish the induction of forward or backward waves ( Figures 4D and S5B ), suggesting that the downstream circuitry of Wave neurons inducing these behaviors is enclosed within the nerve cord. We also found that short-pulse stimulation (with a duration of 100 ms, where the timescale is far smaller than that of the fictive locomotion) was also sucient to induce forward or backward waves depending on the stimulus site ( Figures S5C and S5C 0 ), suggesting that ''gating'' mechanisms that prolong the motor commands are present in the downstream circuitry.
The segmental difference in Wave function could reflect segmental difference in the pattern of dendritic and axonal projections, which we found are spatially segregated in the neuron ( Figure S5D ). Indeed, we found that Wave neurons in neuromere A2 ( Figure 4E ) and A3 ( Figure S5E ) extended their dendrites and axons anteriorly and intersegmentally to thoracic segments, where the head touch is mainly sensed (due to head involution in larvae, thoracic segment 1 (T1) acts as the most anterior part of the animal). In contrast, Wave neurons in neuromeres A4 ( Figure S5E 0 ), A5 ( Figure S5E 00 ), and A6 ( Figure 4F ) extended their dendrites and axons only in the neighboring abdominal segments. In particular, Wave neurons in A2 and A3 extend dendrites anteriorly, whereas those in A5 and A6 extend dendrites not only anteriorly but also posteriorly. Thus, the segmental differences in the projection pattern of Wave neurons ( Figure S5F ) are closely correlated to the functional difference in evoking distinct behaviors (Figures 4C and 4D; summarized in Figure 4G ).
It should be noted that a pair of Wave neurons in each segment were the only cells that express MB120B-spGAL4 and thus could be unequivocally identified. Furthermore, Wave neurons in each neuromere share the same cell body position and the pattern of proximal axon projection to the neuropile as described above, although they differ in their distal axonal and dendritic arborizations. These observations strongly suggest that these neurons are segmental homologs with diverged neurite extension patterns.
To further confirm that activation of Wave neurons in vivo induces forward or backward locomotion in a segment-specific manner, we carried out FLP-Out optogenetics experiments to sparsely activate Wave neurons (using MB120B-spGAL4 driver). We found that single-cell activation of Wave neurons in A4 increased forward locomotion, whereas that in A3 induces backward locomotion ( Figures 5A-5C 00 ; see also Movie S5). In a case where Wave neurons in A3 and A4 are simultaneously activated, the larva showed wiggle/bend ( Figure 5D ) as we have observed in activation of Wave neurons in A2-A6 ( Figure 4A ). Such wiggle/ bend occurred only when Wave neurons in multiple segments are simultaneously activated ( Figure 5D 0 ). Taken together with the area-confined optogenetics experiments (Figure 4 ), we conclude that single-cell activation of Wave neurons in an anterior (A3) or posterior (A4) neuromere elicit backward or forward locomotion, respectively.
Wave Neurons Are Activated by Nociceptive Sensory Stimuli on the Head
We next asked when and how Wave neurons are activated. Calcium imaging of Wave activity in isolated CNSs undergoing fictive locomotion revealed that these neurons are not active during fictive backward or forward locomotion ( Figures 6A and 6A 0 ). We then tested whether activation of sensory neurons evokes responses in Wave neurons. Electrical stimulation of the nerve in an anterior segment (A1) induced instant signal increase in Wave neurites in anterior neuromeres but not in posterior segments (n = 5, Figure 6B ). Conversely, nerve stimulation in a posterior segment (A7) activated Wave neurites in posterior neuromeres but not in anterior neuromeres (n = 4; Figures 6C-6E). Thus, Wave neurons respond to sensory stimuli in a segment-specific manner. When we blocked neural transmission from MD IV (n = 4, Figure 6E ), the effect of nerve stimulation was largely abolished, indicating a major role played by MD IV in activating Wave neurons. These results suggest that Wave neurons are not part of the motor pattern generator but are rather transiently activated in response to noxious/mechanical stimuli to induce backward locomotion.
Circuit Mapping Showed that Wave Neurons Relay Nociceptive Sensation to Motor Outputs
To understand how Wave neurons might receive the touch sensation on the head and induce backward locomotion, we mapped synapse-level circuits from a nanometer-scale EM volume of the whole CNS by using CATMAID software (Saalfeld et al., 2009; Schneider-Mizell et al., 2016) . We started by reconstructing a pair of Wave neurons in the A1 neuromere to identify all the arbors and synaptic sites. By mapping all the pre-and post-synaptic sites of Wave neurons, we found that dendritic and axonal neurites are clearly segregated ( Figure 7A ). As was previously shown by the reconstruction in two independent EM volumes Schneider-Mizell et al., 2016) , Wave axons projected to the dorsal neuropile, while the dendrites extended in the ventro-medial region, where MD III/IV project (Grueber et al., 2007) .
Next, we searched for the presynaptic and postsynaptic partners of Wave neurons. We adopted a previously described method that efficiently identifies neurons with a large number of synaptic connections, and bilaterally reconstructed strongly connected neurons thus identified ( Figure S6 ). A majority of the presynaptic partners were found to be MD III and IV neurons (Figures S6B, S6C, and S7) . This is consistent with the previous reconstruction in neuromere A3 . Importantly, since Wave neurons in A1 extend dendrites anteriorly to the thoracic neuromeres, they receive synaptic inputs from MD III/IV in these segments ( Figures 7B, S6B , and S6C). Thus, these neurons are well positioned to receive noxious stimuli on the most anterior part of the animal. We then searched for the strongly connected postsynaptic pathways. Due to the anterior projection of the axon, postsynaptic targets of Wave neurons were located dominantly in thoracic nerve cord and suboesophegeal zone (SEZ) (D and D 0 ) Quantification of the number of backward waves during the light stimulation with or without all-trans retinal (D). **p < 0.01, Mann-Whitney U test) and before or during the stimulation in ATR + animals (D 0 , **p < 0.01, paired t test).
(E) Scheme of two-photon optogenetics assay. Two-photon excitation was used for both calcium imaging and optogenetics. GCaMP and CsChrimson were expressed in VT25803 cells. Light was applied at a low intensity during imaging to avoid activation of CsChrimson. During the stimulation period, z plane is calibrated to the location of the target neuron and intense light is applied. ( Figures 7C, 7C 0 , S6E, S6F, and S7). Most of the postsynaptic partners have local or descending projections, and very few ascending projections to the brain were observed ( Figure S7 ). This is consistent with the observation that activation of Wave neurons can elicit backward waves in the absence of the brain ( Figure 4E ). Among the postsynaptic targets, we noticed a group of neurons that form a strongly interconnected network recruiting Goro neurons, a command-like neuron for the rolling behavior ( Figure 7E ; Ohyama et al., 2015) . Although direct synaptic connection from the Wave neurons to Goro neurons was not observed, there is an apparently strong indirect connection to Goro.
To understand how Wave neurons in neuromere A1 might initiate backward locomotion, we searched for the downstream pathway(s) that leads to motor circuits. We found that two of the strongly connected postsynaptic partners T07u and Swallowtail interneurons, whose cell bodies reside in neuromere T2, synapsed onto a class of premotor interneurons, A03a5 neurons, which in turn synapsed onto motoneurons in abdominal neuromeres (Figures 7D, 7D 0 , and S6G). Since the four major postsynaptic partners of Wave converge directly or indirectly on A03a5, A03a5 neurons could be a key actuator of backward movement in this circuit. We first investigated the requirement of Wave neurons in touch-triggered backward response. We inhibited synaptic transmission of Wave neurons by expressing thermosensitive Shibire using the Wave neuron-specific GAL4 line (MB120B-spGAL4) and found a significant decrease in the number of backward locomotion performed in response to a head touch, either with a pinprick ( Figure 8A ) or gentle touch ( Figures  S8A and S8B) . Thus, Wave neurons are not only sufficient for the induction of backward locomotion, but also necessary for the induction of backward locomotion in response to the head touch. After completing backward locomotion, the larvae normally continue the escape behavior by switching to forward locomotion. We found that this transition from backward to forward locomotion was also affected by Wave inhibition ( Figure 8B ). In contrast, we did not observe any defects in backward response to blue light ( Figures S8C and S8D) , another aversive stimulus for the larvae (Xiang et al., 2010) . This suggests that Wave neurons are specifically required for the induction of backward locomotion in response to mechanical stimuli but not to other noxious stimuli such as light.
We next characterized A03a5 neurons by generating a specific GAL4 line (SS02064-spGAL4; Figure 8C ). Immunostaining showed that pairs of A03a5 neurons are present in A2-A4 in this GAL4 line and are immunoreactive to anti-ChAT and therefore consistent with being cholinergic (Figures 8D, S8E , and S8E 0 ). Since motoneurons are activated by acetylcholine (Rohrbough and Broadie, 2002), A03a5 neurons are thus likely excitatory premotor interneurons Hasegawa et al., 2016; Zwart et al., 2016) . Consistent with this notion, optogenetic activation of A03a5 neurons induced muscular contraction that led to tail flick ( Figure 8E ), as was observed in activation of another class of cholinergic interneurons, CLI2 (Hasegawa et al., 2016) . Execution of backward locomotion requires sequential activation of motoneurons Hasegawa et al., 2016; Itakura et al., 2015; Kohsaka et al., 2014; Zwart et al., 2016) . Consistent with a role in this behavior, calcium imaging in isolated CNSs revealed that A03a5 neurons showed wave-like activities that propagate along the abdominal neuromeres both during forward and backward peristaltic locomotion ( Figures  8F and S8F-S8H ). Although inhibition of A03a5 neurons with thermosensitive Shibire did not interfere with the peristaltic motion itself (data not shown), it resulted in significant decrease in the number of backward locomotion events performed in response to a pinprick on the head ( Figure 8G ). Taken together, these results suggest that the premotor A03a5 neurons are partially required for the execution of backward locomotion in response to noxious mechanical head stimuli ( Figure 8H ).
DISCUSSION
Our analyses revealed the neural circuits that span multiple layers of sensorimotor processing for action selection, from sensory perception to motor outputs, in which the Wave neurons function as a node linking localized somatosensory stimuli to distinct motor programs. Our findings address crucial issues in sensorimotor control such as control by command neurons, circuit underpinnings of location specificity, and diversification of motor command.
Command-like Neurons Elicit Larval Escape Behaviors
Command neuron hypothesis has been widely appreciated as a general principle of action selection across animal kingdom (Kupfermann and Weiss, 1978) . In this study, we identified second-order somatosensory (Wave) neurons in anterior segments as candidate command neurons for larval backward locomotion. These neurons can be classified as command neurons according to the definition proposed by Kupfermann and Weiss (Kupfermann and Weiss, 1978) , as follows. First, Wave neurons were activated by somatosensory stimuli that induce backward locomotion ( Figure 6B ). Second, gain-of-function analyses showed that their activation is sufficient to induce backward locomotion ( Figures 3C, 3D , 4C, 4D, 5A, and 5C). Finally, loss-of-function analysis showed that they are necessary for the execution of backward locomotion in response to touch on the head ( Figure 8A ). Regarding the nature of command neurons, two alternative hypotheses can be posed. The first hypothesis postulates a single, multisensory command-like neuron capable of inducing a specific behavior in response to multiple sensory modalities. The second hypothesis postulates multiple command-like neurons, such as one for each sensory modality, all evoking the same motor pattern. We have shown that a head-touch stimulus evokes backward locomotion via Wave neurons ( Figures 8A, S8A , and S8B), whereas a light stimulus does so independently of Wave neurons ( Figures S8C and S8D) . These results are consistent with the second hypothesis, where distinct command-like neurons are independently capable of triggering the same pattern-generating circuits. We also found that activation of Wave neurons in posterior segments induces increased forward locomotion, both in the isolated CNS ( Figures 4C and 4D ) and intact animals ( Figures 5A and 5B) , and are activated by somatosensory stimuli that induce forward locomotion ( Figure 6C ). These results suggest that posterior Wave neurons also function as command-like neurons but for forward locomotion. Taken together, all Wave neurons could be command-like neurons for somatosensory-triggered locomotion, where the ''sign'' (forward or backward) depends on the axonal targeting of the excited Wave neuron.
Studies in the leech identified ''trigger neurons'' (that initiate a specific behavior) and ''gating neurons'' (that maintain the triggered behavior) as subclasses of command neurons (Brodfuehrer and Friesen, 1986) . In this terminology, Wave neurons can be classified as trigger neurons. The observation that transient activation of Wave neurons suffices to trigger forward or backward fictive locomotion ( Figures S5C and S5C 0 ) suggests the presence of gating system(s) in the downstream circuitry, which sustain the triggered motor activity. Identity of the gating system(s) remains to be explored in future studies. One possibility is that some downstream neurons of Wave, such as Pregoro6, Pre-Swallowtail1, T07u, and Swallowtail, act like gating neurons that fire throughout the motor episodes, as found in the leech (Brodfuehrer and Friesen, 1986) . Alternatively, the downstream neurons may constitute pattern-generating circuit(s) that generate a sequence of motor activity. In this respect, it is interesting to note that the downstream circuits of the Wave include many recurrent or reciprocal connections that could maintain continuous motor activity and/or generate a pattern ( Figure 7E ).
Lateral Interaction between Distinct Command Systems
A behavioral response to a given sensory cue often consists of multiple motor programs. In the case of Drosophila larvae, a mechanical noxious touch (such as a pinprick) not only induces backward or forward locomotion, but also rolling (Hwang et al., 2007; Kim et al., 2012; Ohyama et al., 2015; Robertson et al., 2013; Titlow et al., 2014; Tracey et al., 2003) , depending on the strength and location of the stimuli. Hence, the basis of selection between locomotion or rolling escape behaviors should be implemented by the circuit architecture, possibly via lateral interaction between command neurons. In the downstream circuits of Wave neurons, we found neural pathways to Goro neurons ( Figure 7E ), a pair of command-like neurons for rolling behavior . Wave neurons also receive synaptic inputs from the multisensory Basin neurons that trigger rolling . Thus, Wave pathways may facilitate rolling behavior in response to intense noxious inputs. Indeed, activating Wave neurons in segments A2-A6 did significantly increase rolling probability with respect to controls ( Figure 4A ). Furthermore, we showed by clonal analyses that wiggling or bending (which are associated with initial posture of rolling behavior) occurred only when Wave neurons in multiple segments are activated ( Figures 5D and 5D 0 ). Taken together, the lateral pathway from backward to rolling circuits may serve as a thresholding device, where rolling is induced instead of backward locomotion when the noxious inputs are detected in multiple body regions and exceed a certain threshold.
Segmental Interneurons Are Diverged to Drive Adaptive Behaviors
Segmented architecture of the body and CNS is a common feature in vertebrates and invertebrates. The spinal cord in vertebrates and nerve cord in invertebrates are composed of homologous neuromeres, which receive afferent inputs from the corresponding body segment and send efferent outputs to the same or neighboring body parts. Thus, simple reflex, such as the knee-jerk reflex (Foster, 1877) , can be induced in a location-dependent manner just by linking the afferents and efferents in the local circuits. In contrast, to induce more complex responses involving multiple body segments, neurons in distant neuromeres must be recruited. Just as we observed in the isolated nerve cord of the larvae, electrical stimulation of the spinal cord at different rostral-caudal levels induces distinct motor sequences (Barthé lemy et al., 2006; Levine et al., 2014; Saltiel et al., 1998; Tresch and Bizzi, 1999) . However, how homologous neuromeres drive distinct behaviors remains poorly understood.
Here, we have shown that functional and morphological divergence among segmentally repeated command (Wave) interneurons realizes segment-specific touch responses. Abdominal segments of Drosophila larvae contain largely the same sets of motoneurons, sensory neurons, and interneurons, each of which shares morphological characteristics across segments, including the cell-body position, axon projection, and dendritic arborization (Kohwi and Doe, 2013; Lacin and Truman, 2016; Landgraf et al., 1997; Schmid et al., 1999) . While some sensory neurons (Merritt and Whitington, 1995) and somatosensory interneurons (e.g., A00c in Ohyama et al., 2015) have been shown to have segment-specific differences in their morphology, a functional significance of such segment-specific differences has not been investigated. Like other segmental neurons, Wave neurons are present in all abdominal segments and share common morphological features, such as the highly characteristic dorso-ventrally winding axon that extends along the anteriorposterior axis and a proximal neurite projection to the neuropile. These neurons also share specific genetic features such as the expression of VT25803-GAL4 and MB120B-spGAL4. However, segmentally homologous Wave neurons differ in their distal neurite extension pattern depending on the segment of origin (Figures 4E-4G , and S5E-S5E 00 ). Furthermore, activation of Wave neurons in anterior and posterior neuromeres trigger completely different motor patterns (i.e., backward versus forward locomotion). The segmental differences in neurite extension pattern and function are closely correlated. Thus, Wave neurons in different segments appear to acquire distinct functions by diverging their neurite extension pattern and thereby matching their receptive fields to appropriate motor outputs in a somatotopic arrangement. The notion that differences in postsynaptic targets among a single class of neurons may be responsible for inducing distinct behaviors is reminiscent of the sexual dimorphism of pheromone responses in adult flies (Datta et al., 2008) .
Diversification of repeated segments is a universal strategy that animals use to evolve ethologically fit behaviors (Jarvis et al., 2012) . During this process, the nervous system must evolve in concert with the body to ensure that sensory inputs from the body segments are locally and inter-segmentally linked to appropriate motor outputs. Previous studies in Drosophila have shown that diversification of neuromeres is controlled in part by Hox genes, which confer neuroblasts, the units for neuronal development, with segment-specific lineage properties (Jarvis et al., 2012) . The offspring neurons thus generated selfassemble to form circuit architectures that mediate behaviors. The segmental boundary of anterior and posterior Wave neurons with distinct functional and morphological characteristics (Figure 4C ) roughly corresponds to the expression boundary of the Hox gene Abd-B (Singh and Mishra, 2014) . In the future, the study of command neurons such as the Wave neuron could inform us on how homologous neurons diverge in structure throughout development, possibly by differential recruitment of receptors for axon/dendrite guidance cues across segments under the regulation of Hox and other spatially restricted transcription factors (Hilliard and Bargmann, 2006; Lu et al., 2009 ).
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (Nern et al., 2015) . Bloomington Drosophila Stock Center (#64087), RRID: BDSC 64087) d MB120B-spGAL4 (A combination of GAL4.AD and GAL4.DBD that specifically targets Wave neurons, Generated by J.W.T. and M.Z.) d SS02064-spGAL4 (A combination of GAL4.AD and GAL4.DBD that specifically targets A03a5 neurons Generated by J.W.T.)
METHOD DETAILS Immunohistochemistry
The larvae were pinned down on a sylgard-coated dish, and dissected in calcium free HEPES buffered saline (HEPES 5 mM, NaCl 140 mM, KCl 2 mM, MgCl 2 6 mM, sucrose 36 mM, pH = 7.1), washed with phosphate buffered saline (PBS), and were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature. After two 15 min washes with 0.2% Triton X-100 in PBS (PBT), the larvae were incubated with 5% normal goat serum (NGS) in PBT for 30 min. The larvae were then incubated over one night or two at 4 C with the primary antibodies. After two 15min washes, the larvae were incubated overnight at 4 C with the secondary antibodies. Fluorescent images were acquired using a confocal microscope (FV1000, Olympus).
The list of the antibodies used and the dilution is as follows: Optogenetics (with CsChrimson) in free-moving larvae The larvae were grown at 25 C. Second or third instar larvae were picked, gently washed, and transferred onto an apple-juice agar plate coated with yeast paste, either containing 1mM of all-trans retinal (ATR) or none (ATR concentration was calculated based on the volume of the dry yeast. Note that the same amount of distilled water was added to make yeast paste). The plate was covered with the plastic cover and aluminum foil, and placed at 25 C for one night. The behavioral experiment was conducted on an apple juice agar plate, which was placed on a heating plate to set the surface temperature of the agar within 25 C ± 1 C. The larvae were placed on the fresh apple-plate for over 5 min before the behavioral assays. 660nm LED light at the density of 20$25 mW/mm 2 (THORLABS) was used for the stimulation of CsChrimson. The stimulation trials were delivered three times for each animal, with a duration of 10-15 s for each trial, and >15 s intervals between each trial. Video recording was conducted under a stereo-microscope (SZX16, Olympus), while the background illumination was minimized so as not to activate CsChrimson.
Large-scale analysis of the activation phenotype For data in Figure 4A , experiments were performed as previously described (Ohyama et al., 2013 and actions were automatically detected using supervised neural-network-based machine learning (Jovanic et al., 2016) . The calculation of statistical significance was performed by looking at the behaviors that occur during the first 5 s after neuron activation for both activation periods during the experiment. The contingency table consisted of the number of animals performing the behavior of interest and the number of animals not performing the behavior of interest in the given time windows.
Local-area optogenetics using one-photon excitation (ChR2[T159C]) The larvae were grown at 25 C. First or second instar larvae were picked, gently washed, and transferred onto an apple-juice agar plate coated with yeast paste containing 10 mM ATR. The plate was covered with the plastic cover and aluminum foil, placed in 25
Celcius for two nights. The larvae were dissected on a syligard-coated dish in TES buffered solution (TES 5 mM, NaCl 135 mM, KCl 5 mM, MgCl 2 4 mM, CaCl 2 2 mM, sucrose 36 mM, pH = 7.15). The CNSs of the larvae were isolated from the body wall, and the buffered solution was refreshed before the sample was set under the stereo-microscope (FV1000, Olympus). For the brain ablation experiments, the VNC was set on a MAS-coated slide glass (S9215, Matsunami Glass Ind.).
The microscope was implemented with two optical paths: one is for area-confined stimulation and the other for calcium imaging. The two paths were isolated by using a dichroic mirror (ADM 405/488, Olympus). The isolated CNS was placed under a water immersion lens (20x, XLUMPLFLN, NA1.0, WD 2 mm, Olympus). Fluorescence derived from the YFP tagged to the ChR2[T159C] protein was scanned using 515nm Ar laser, to confirm the expression of ChR2.T159 in the GAL4-expressing cells. For image acquisition, attached software (Olympus FLUOVIEW Ver.4.2) was used.
The stimulation was achieved using 488nm Ar laser, which can be confined to 10 mm in diameter. The spot of stimulation was selected based on the image obtained with scanned YFP. The intensity of stimulation was set to 8.3 mW. Concurrently with the stimulation, calcium imaging was done by expressing RGECO (Zhao et al., 2011) , a class of red-shifted GECI, under the regulation of tubLexA to enable panneuronal imaging. The imaging was achieved by recording the fluorescence with an EMCCD camera (iXon3, ANDOR TECHNOLOGY). The pump light for imaging was derived from Xe lamp (X-Cite, Excelitas Technologies).
Positions of the cell bodies were confirmed by scanning YFP tagged to the ChR2[T159C] protein. Animals that failed to show the expression in Wave neurons were excluded from the experiment. Trains of 5 s light were applied with intervals of more than 10 s.
The motor outputs were monitored by imaging the RGECO fluorescence, in the region of dorsal neuropile where the motoneurons dendrites are concentrated ( Figure 3B ). The motoneurons dendrites are clustered in each neuromere, thus it is possible to distinguish the activity of the motoneurons from one neuromere to another.
Local-area optogenetics using two-photon excitation (CsChrimson)
The preparation of the larvae was the same as in one-photon excitation experiment, except that they were fed with yeast paste containing ATR for only one night.
The stimulation was achieved using a femtosecond laser (Chameleon Vision II, Coherent). The wavelength was mode-locked to 930 nm. The isolated CNS was placed under a water immersion lens (Objective W Plan-Apochromat 20x/1.0 DIC D = 0.17 M27 75mm, Carl Zeiss Microscopy), and imaged with upright microscope (LSM 710 NLO, Carl Zeiss Microscopy) . In this experiment, GAL4-targeted cells expressed both CsChrimson and CD4::GCaMP6f. Both optogenetics (CsChrimson) and imaging (CD4::GCaMP6f) was achieved by two-photon excitation. Each trial consisted of an imaging period and a stimulation period. During the imaging period, low intensity light ($10 mW at the back aperture of the objective lens) was focused to the motor pattern indicator neurons for monitoring fictive waves. During the stimulation period, higher intensity light ($30 mW at the back aperture) was focused on the cell body of the target neuron.
The frame size was fixed to 70.30 3 70.30 mm, and the image was taken at the resolution of 128 3 128 pixels. Dwell time in a single pixel was set to 3.15 ms.
For the quantification of fictive backward waves, the occurrence of sequential recruitment of the motor pattern indicator neurons from A1 to A3 within 3 s after the stimulation cessation was the criteria for positive events.
Electrophysiological nerve stimulation
Electrophysiological nerve stimulation was achieved by suction glass electrode with the inner diameter of 5-8 mm. Electrical pulses (Square pulses, interval: 10 ms, duration: 5 ms) were generated by an electronic stimulator (SEN-3301, Nihon Kohden), passed through an isolator (SS-302J, Nihon Kohden) for modulating stimulus intensity (max amplitude: 27.5 V), and applied to platinum electrode fiber inserted in the glass pipette filled with TES buffered saline.
The imaging was achieved by recording the fluorescence with an EMCCD camera(iXon3, ANDOR TECHNOLOGY) mounted on upright confocal microscope (spindisc, CSU21, Yokogawa; microscope, upright microscope Axioskop2 FS (Zeiss, Germany) equipped with EMCCD camera iXon, Andor). The larvae were dissected on a sylgard-coated dish in TES buffered solution. The CNSs of the larvae were isolated from the body wall, and fixed on a MAS-coated slide glass (S9215, Matsunami Glass Ind.) in the puddle of TES buffer.
For experiments in Figure 1 , either OK6-GAL4 (which targets all motoneurons) or VGluT-LexA (which specifically targets glutamatergic neurons including motoneurons) was used to monitor fictive locomotion by using 10X objective lens (Zeiss Achroplan 10x / 0.30 Infinity/0 W Ph1 Water Immersion Microscope Objective). 10 s of stimulation was repeated 4$7 times per each animal, and the number of wave-like activities during stimulation was averaged within each animal.
For experiments in Figure 6 , the activity in the neurites of Wave neurons residing between A1 and T3 neuromeres (extended by Wave neurons in anterior neuromeres) were imaged by using 20X objective lens (Olympus LUMPlanFl 20x /0.50 W Infinity/0 Water Immersion Microscope Objective) and quantified using ImageJ. Jump rate was calculated as the average of the value described below for first and second stimulation events:
Here, F denotes the fluorescence, and t stands for the frame when the electrophysiological stimulation initiated. Statistical significance was calculated for the jump rate after logarithmic transformation.
Thermogenetic inhibition(Shibire ts )
Female UAS-shibire ts flies were crossed with GAL4 males. The larvae were grown at 25 C. Third instar larvae were picked, gently washed, and transferred onto an apple-juice agar plate to habituate the larvae. Another apple-plate was heated to 31 ± 1 for behavioral experiments (25 ± 1 for one of the control groups in Figure 8A as indicated in the panel), and the larvae was transfered onto the heated plate for over 3 min, in order to inactivate neurons. Video recording was conducted under a stereo microscope (SZX16, Olympus).
Touch assay
As a noxious touch, a pinprick was delivered by hand with insect pins held by forceps. To minimize the variance of the stimulation intensity, pinprick was applied so that the body wall of the targeted site (dorsal side of T3 ± 1 segment) was clearly dented upon the prick, but not penetrated. Trials with penetration or those without an obvious dent were excluded from the analyses. 3 trials or more were performed for each animal.
For gentle touch, von Frey filament (Touch Test Sensory Evaluator (0.07 g), North Coast; #NC12775-04) was used. Gentle touch was applied to the target site in the same manner as for the noxious touch, and was applied until the larva shows a behavioral response (forward locomotion, head sweep, or backward locomotion). 5 trials were performed for each animal.
Sparse activation of Wave neurons in vivo using FLP-out technique
Female 20XUAS > dsFRT > -CsChrimson::mVenus (attP18), pBPhsFlp2::Pest (attP3) flies were crossed with MB120B-spGAL4 males. Eggs were collected for 24 hr on an apple-juice agar plate with moderate amount of yeast paste.
The eggs were raised in the plate at 25 C for 24 hr. Then, heat shock was induced by placing the plate into an incubator set to 37 C for 1 hr. The plate was put back to 25 C and two days later, the larvae were transferred to and raised in another plate which contains 1mM ATR-containing yeast paste for approximately 24 hr. The larvae were tested in the behavioral assay as described above, except that the light stimulations were delivered only twice for each animal. 54 animals were tested, and the expression of CsChrimson:: mVenus was confirmed as described above. The segment identities of Wave neurons were determined by observing the entry point of the neurite from the soma, based on Fas2 tracts (TPs 1, 4, and 5).
Dual-color calcium imaging
We used an emission splitting system (DV2 Multichannel Imaging System, Photometrics) to perform dual-color imaging of GCaMP6m and R-GECO-1.
EM reconstruction using CATMAID EM reconstruction was performed as described previously Fushiki et al., 2016 ) using a modified version of CATMAID . We manually traced the axonal and dendritic processes of Wave (A02o) neurons and identified the location of the pre-and post-synapses. We then reconstructed the presynaptic and postsynaptic neurons from the synaptic sites. We mapped the circuit by the iterative method as described , in which iterative reviews on the traced neurons and comparison of the mapped circuits on the left and right halves of each segment were performed to identify further issues to resolve.
Finding identified neurons in the EM volume
Finding neurons in EM volume identical to those in light microscopy (visualized using GAL4 drivers) was performed as described previously , which are as follows. Each lineage in the Drosophila larval nerve cord holds 10-15 neurons, which are separable from each other by their distal arbors. In the EM dataset, we locate the entry point from the cortex into the neuropile of the lineage bundle of interest, and then reconstruct the low-order branches. Matching these partially reconstructed neurons to light microscopy images allows to uniquely identify the neuron of interest in the EM volume.
QUANTIFICATION AND STATISTICAL ANALYSIS
Representations of sample sizes The representations of sample sizes (''n'') are indicated within the respective figure panels, except for the following for which the representations are indicated in the corresponding figure legends: Figures 4C, 4D, and S4A-S4C 0 .
Quantification of larval behaviors
Larval behaviors were manually quantified for the data presented in Figures 1, 2 , 5, 8, and S8. Larval locomotion was counted when a sequence of muscle contraction across segments was observed, with the direction from anterior to posterior being backward locomotion and the other way around being forward locomotion (Berni et al., 2012) . For the data presented in Figures 5D and 5D 0 , wiggle/ bend was defined as one or more bout(s) of transient, left-right asymmetric muscle contraction across multiple abdominal segments.
In quantification of larval behaviors upon optogenetic stimulation, the first 10 s after stimulation onset in each trial was used for quantification (to avoid the effect of desensitization). For data in Figure 2A , the average of three trials in each animal tested were used for quantification. For data in Figure 5 , the sum of two trials (10 s + 10 s) were used for quantification.
In quantification of behaviors upon mechanical or aversive stimulation, either the probability or the number of the backward locomotion that larvae performed were used for quantification. In quantification of the probability (as in Figures 1B  0 and S8D) , the probability was calculated by dividing the number of positive trials by that of total trials. A trial was marked as positive when a larva showed once or more backward response(s) to the stimulus between stimulus onset and forward resumption. In quantification of the number (as in Figures 8A, 8G , and S8B), the number was calculated as the average of backward response in each trial between stimulus onset and forward resumption.
Direction of fictive locomotion
In order to detect fictive locomotion in calcium imaging, we set the imaging ROIs in each of neuromeres A1 to A7 to include dendrites of motoneurons in each neuromeres, which are spatially segregated from each other. Since wave-like activity is most salient in neuromeres A1 to A7, we defined a fictive forward wave as a bilateral and sequential motor activity propagating from A7 to A1, and a fictive backward wave as that in the opposite direction. In some cases when the magnification is too high to image the entire abdominal neuromeres, sequential recruitment of motor activity in three neuromeres or more were used to identify fictive waves.
In quantification of the fictive locomotion upon stimulus onset (nerve root stimulation and area-confined optogenetics), the waves that emerged before the stimulus onset were not taken into account.
In quantification of the coincidence of fictive waves in two neuronal populations (as in Figures S3C and S4C 00 ), the waves were separately counted in each of the calcium traces and then the coincidence was examined.
Quantification of calcium transients
The quantification of signals of calcium probes were first performed by Fiji (Fiji is just ImageJ). The ROIs were set to the neurites of interest, and the mean signal within each ROI were used as representative signal intensity in each frame. Letting n be the ROI identity and t be the frame number, we therefore get the raw signal intensity F ROI½n ðtÞ. The signals were normalized by calculating the baseline F ROI½n , which was calculated as the average of bottom 30 values of F ROI½n ðtÞ (from this point, the calculation was performed by Microsoft Excel). Thus, we calculated the normalized calcium transient in each ROI as DF F = F ROI½n ðtÞ À F ROI½n F ROI½n .
Quantification of a phase lag during fictive locomotion In order to quantify the peak shift of the wave-like activity along neuromeres, we calculated the phase as follows. We first extracted time bins corresponding to the entire forward or backward wave. Next, we calculated the cross-correlation function (CCF) of the activity traces in two neuromeres of interest, and the lag that maximize the CCF was defined as time lag of the peak. The time lag was normalized by the time bins and indicated as the phase q, where À180• < q < 180•.
Quantification of immunoreactivities
In order to identify neurotransmitter phenotypes (as in Figures S2C, S2D 0 , S8E, and S8E 0 ), we performed immunohistochemistry by using anti-GFP and anti-ChAT/vGluT primary antibodies, which were subsequently tagged by Alexa 488-and Cy3-conjucated secondary antibodies, respectively. The laser intensities for the scanning of each channel (Alexa 488 and Cy3) were fixed throughout. After image acquisition, we used Fiji (Fiji is just ImageJ) to quantify the immunoreactivity of the neurotransmitter marker antibodies. The ROIs were manually set as ovals that surround each cell of interest (by observing the Alexa 488 channel), and the fluorescence were calculated for both the Alexa 488 and Cy3 channels. In order to normalize the immunoreactivity between each cell, the quantification was performed by dividing the fluorescence of anti-ChAT/vGluT by that of anti-GFP.
Statistical analyses
All statistical tests were performed using R-project (http://www.r-project.org) or Microsoft Excel. We performed non-parametric tests throughout to determine statistical significance (with the pooled data being represented as boxplots), except for the data presented in Figures 3D 0 , 4C, 4D, 6E, S1, S4B, and S5A-S5C 0 . No methods were used to determine whether the data met assumptions of the statistical approach taken. The error bars (in Figures 4C, 4D , 6E, and S5A-S5C 0 ) represents standard errors of the mean (SEM).
